Microbial studies of soil samples collected at Ochang, Korea led to the isolation of the actinobacterium Streptomyces sp. KCB16C001. Subsequent LC/MS analysis of the culture extract for dereplication purposes enabled the identification of a new metabolite ochangoside (1), whose chemical structure was determined to be 1-(α-L-rhamnosyl)-lumichrome by scale-up purification and structure elucidation procedures based mainly on NMR and MS spectroscopic data. Determination of the stereochemistry of the sugar moiety was achieved by LC/MS analysis of the sugar derivatized with L-cysteine methyl ester and o-tolyl isothiocyanate. Our results represent a rare example of natural lumichrome glycoside with a sugar unit attached at N-1.
Small molecules produced by microorganisms have long been considered as attractive sources of novel chemical structures. Historically, these natural compounds have made an incredible contribution to the improvement of human health mainly by providing lead compounds used in drug development [1] . Aside from their traditional role in drug development, microbial natural products have become an important subject of interdisciplinary research focusing on elucidating the mechanisms of biological phenomena mediated by small molecules of microbes (e.g., pathogenicity and microbe-host communication) [2, 3] .
Our group has investigated the chemical diversity of secondary metabolites, focusing particularly on those produced by actinomycetes and filamentous fungi. Since our project began, many actinobacteria, mostly Streptomyces, have been obtained from a diverse collection of environmental samples from the Korean Peninsula, and in-depth chemical analyses of culture extracts have led to the identification of structurally and biologically intriguing small molecules [4] [5] [6] . Because the major difficulty in this study lies in the high rate of reisolation of known compounds, a dereplication process that enables the rapid identification of known compounds in a culture extract is crucial to the successful discovery of novel secondary metabolites. Liquid chromatography/mass spectrometry (LC/MS) screening has been widely used as a dereplication method in the last decade, mainly due to its high sensitivity and rapid analysis [7] . In our group, dereplication by LC/MS is usually combined with in-house and commercial natural product databases, thus facilitating direct comparison of the molecular weights with known compounds and prioritizing extracts for isolation.
As part of our ongoing research on microorganisms inhabiting diverse environments in the Korean Peninsula, a strain KCB16C001 was isolated from a soil sample collected in Ochang (Cheongju, South Korea) and chosen for comprehensive analysis based on its actinomycete-like morphology on an agar plate and its production of a putatively new metabolite (m/z 389.1 [M + H] + , detectable by LC/MS). The strain was identified as Streptomyces sp. by analysis of the 16S rRNA gene sequence (GenBank accession number MG279690) which is most closely related (99.79% similarity) to that of Streptomyces xanthocidicus. To identify the compound, the strain was subjected to preparative-scale fermentation on glycerolbased media. After incubation at 28 °C for 4 days with shaking at 125 rpm, the bacterial culture broth (1 L) separated from the mycelium by centrifugation was partitioned with ethyl acetate (EtOAc). The mycelium was extracted with acetone and the aqueous concentrate was partitioned with EtOAc. The combined organic layer was then concentrated and purified using a reversedphase semipreparative HPLC to yield ochangoside (1, 2.0 mg) and lumichrome (2, 1.2 mg) ( Figure 1 ( Table 1 ). The direct connectivity between the protons and hydrogen-bearing carbons was assigned by interpretation of the HSQC data. A sequential spin system starting from a singlet methyl at δ H 1.42 (H 3 -6′) through four sequential oxymethines (H-5′ to H-2′) to a downfield methine at δ H 7.04 corresponding to a carbon signal at δ C 80.5 together with a HMBC correlation from H-5′ to C-1′ revealed the presence of a 6-deoxypyranose unit ( Figure 2 ). The tetra-substituted phenyl group was readily determined based on key three-bond HMBC correlations of aromatic methyls and protons (H 3 -11/C-6, C-8; H 3 -12/C-7, C-9; H-6/C-8, C-9a; H-9/C-5a, C-7). Additionally, there were also several nitrogen atoms present in the aglycone structure as indicated by HR-ESI-MS analysis and the downfield signals of unassigned carbons. With the partial structure in place, characteristic UV absorption data (see Supplementary data, Figure S2 ) and comparable chemical shifts with those found in lumazine indicated that the aglycone possesses a lumichrome skeleton, which enabled the positioning of four unassigned quaternary carbons on a pteridine-2,4(1H,3H)-dione moiety [8] [9] . The aglycone structure was found to be appended with the sugar unit via a N-glycosidic linkage at N-1 by an observation of threebond correlations from H-1′ to C-2 (δ C 148.0) and C-10a (δ C 152.5) in the HMBC experiments. This was supported by chemical shifts of C-1′ (δ C/H 80.5/7.04) and a weak but unambiguous NOESY correlation between H-5′ and H-9. The structure of compound 2 was determined to be lumichrome, the aglycone structure of 1, by spectroscopic analysis (MS, UV, 1D NMR) [10] .
The absolute configuration of the pyranose sugar residue was determined with a straightforward method using 3 J H,H coupling constants and NOESY correlations. The large coupling constant (8.9 Hz) between H-1′ and H-2′ placed H-1′ and H-2′ at axial positions. In addition, the small coupling constants ( 3 J H-2′,H-3′ = 3.4 Hz and 3 J H-3′,H-4′ = 3.0 Hz) and the NOESY correlation between H-1′ and H 3 -6′ indicated equatorial positions of H-3′ and H-4′ and a 1,3-diaxial relationship of H-1′ and H 3 -6′, identifying the sugar unit as α-rhamnose (Figure 3) . The medium coupling constant (6.0 Hz) between H-4′ and H-5′ and NOESY correlation between H-2′ and H-5′, which are unusual for α-rhamnopyranose, suggests the more flexible torsion angle, possibly due to the steric hindrance offered by the axial methyl group H 3 -6′. For determination of the absolute configuration of this sugar unit, compound 1 was subjected to chemical derivatization and chromatographic analysis by LC/MS. After acid hydrolysis of 1, the sugar unit in the hydrolysate was derivatized with L-cysteine methyl ester and o-tolyl isothiocyanate to yield the thiocarbamoyl-thiazolidine carboxylate derivative [11] . The reaction product was analyzed by LC/MS to compare the retention time with the L or D-cysteine methyl ester derivatives of authentic L-rhamnose. The reaction mixture contained a product peak of the correct mass (m/z 430), which was found to elute at the same time with the L-cysteine methyl ester derivative of L-rhamnose ( Figure 3) . It was therefore concluded that ochangoside (1) is 1-(α-L-rhamnosyl)-lumichrome, which has not been previously identified. The inhibitory activities of ochangoside (1) against cancer cell lines (HeLa and Hep-3B) and bacteria (E. coli and S. aureus) were investigated with the WST-8 assay and agar diffusion assay, respectively. Ochangoside showed very weak antiproliferative activities with an IC 50 value of 87.8 μM against the Hep-3B cell line, but did not affect proliferation of E. coli and S. aureus up to a concentration of 30 μg/disk. The anti-inflammatory activity of ochangoside was also evaluated by measuring the nitric oxide levels in LPS-stimulated murine macrophage RAW 264.7 cells, however, no noticeable effects were detected from ochangoside.
In this study, we isolated a new lumichrome glycoside from the culture extract of a Korean soil Streptomyces and determined its structure including the absolute configuration of the sugar moiety by spectroscopic and chemical methods. Lumichrome, a common photodegradation product of riboflavin, has been isolated from plants and microbes, including filamentous fungi and actinobacteria. Additionally, it is also known that the enzymatic reaction of bacteria led to the conversion of riboflavin to lumichrome [12] [13] . Several biological activities have been suggested previously for lumichrome. It was reported to show anti-H1N1 activity and inhibit the increase in cyclic AMP caused by adenosine in the VA13 fibroblast line [14] [15] . It was also identified as a bacterial signal molecule that stimulates plant growth, implying a critical role of lumichrome in the soil-rhizosphere system [16] . Structurally, several lumichrome glycosides have been reported to incorporate a sugar unit at N-10, whereas those with a sugar unit attached at N-1 are rare in nature with one example 1-(α-ribofuranosyl)-lumichrome from Micromonospora sp. Tü 6368, for which the D-or L-configuration was not assigned [17] . The newly identified lumichrome glycoside ochangoside was not significantly active in our assay system. However the structural rarity and intriguing biological functions of lumichrome class metabolites warrant further evaluation of its bioactivity. Supplementary data: NMR and HR-ESI-MS spectra and experimental procedures of bioassay are included.
